The purpose of this study was to examine longitudinal change in gait and motor function in pre-manifest Huntington's disease (HD).
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Introduction
Huntington's disease (HD) is an autosomal dominant disorder characterized by motor, cognitive and behavioral impairments that worsen over time. [1] [2] [3] The diagnosis of HD is based on the presence of clinically observable motor impairments. [4] However, recent work has demonstrated that motor, cognitive and behavioral impairments can be detected in pre-manifest individuals well before diagnosis [1] [3] [5] [6] [7] [8] [9] [10] .
Cross-sectional gait analysis has shown that bradykinesia (decreased velocity and stride length), impaired dynamic balance (increased time in double support) and high gait variability (stride length, step time and swing time) are seen in pre-manifest HD. [9] In symptomatic HD, the aforementioned impairments worsen and are accompanied by additional impairments, such as decreased cadence and stride length, and increased support base. [11] [12] Worsening of gait and balance impairments over the course of the disease eventually contribute to falls and to the need for institutional care. [13] , [14] While cross-sectional analysis highlighted the sensitivity of quantitative gait measures across the spectrum of disease, longitudinal analysis is necessary to determine which aspects of gait change with time. Knowledge of gait parameters sensitive to change over time will be important for future clinical trials aimed at delaying disease onset and for identifying targets for therapeutic intervention.
The purpose of this study was to examine which aspects of motor function (gait and UHDRS motor scores) change over time and examine if changes in motor function are correlated with estimated time of diagnosis. We report longitudinal analysis for a subset of subjects from the original cross-sectional study [9] tested on three occasions over a five-year period.
Methods
Subjects
Ten pre-manifest HD subjects (5 females) were recruited from subjects enrolled in PREDICT-HD, a multi-center collaborative study that examines neurobiological predictors of HD [1] . Subjects were tested on the same day as their PREDICT-HD testing. The local Institutional Review Board approved study procedures and all subjects provided written informed consent before participation in accordance with the Declaration of Helsinski. Subjects were tested by a movement disorder specialist and were recruited in the study if they had genetic confirmation and did not meet the criteria for clinical diagnosis of HD. [1] [15] At study entry mean age of subjects was 38.6 years (SD, 7.94, Range= 27-54), mean height was 1.71 m (SD= 0.11) and weight was 73.85 kg (SD= 14.62 ).
From fifteen subjects tested in our cross-sectional study, we followed ten subjects longitudinally. [9] Two of the fifteen subjects dropped out and three others had missing gait data and thus were not included in the analysis. The remaining ten subjects were tested three times within a five-year period: at baseline, one year and five years. None of the subjects were taking neuroleptic medications and none reported any orthopedic or neurological illness that would impair walking.
Quantitative Gait Assessment
Details of the quantitative gait assessment have been published previously. [9] Briefly, spatiotemporal gait data were recorded with the GAITRite ® (4.6 m long mat with pressure sensors embedded in its surface). At each visit subjects were asked to walk at a preferred speed along a 10-meter long hallway free of distractions. The starting position for each trial was 3 m from the beginning of the mat and termination was 3 m from the end of the mat in order to remove transient effects of gait initiation and termination. Subjects were given a practice trial before data collection.
We analyzed measures related to gait speed (velocity, step length and cadence), gait asymmetry (step length difference), dynamic balance (double support time and support base) and gait variability (stride length and swing time coefficient of variation). The dependent variables were chosen based on prior cross-sectional analysis in subjects with pre-manifest and manifest HD. [9] [16] Clinical Assessment A movement disorder specialist rated the motor items of the UHDRS (ranging from 0-124, higher numbers indicating greater impairments). [17] A diagnostic confidence rating was assigned on the basis of the total motor score, as follows: 0, no abnormalities; 1, non-specific motor abnormalities (<50% confidence); 2, motor abnormalities that may be signs of HD (50-89% confidence); 3, motor abnormalities that are likely signs of HD (90-98% confidence); 4, motor abnormalities that are unequivocal signs of HD (>99% confidence). [15] From the UHDRS items we analyzed the total motor score and individual domain scores (chosen as in prior work) [4] , [18] as follows: UHDRS eye movement score which was computed as the sum of items 1-3; UHDRS hand movement score, which was computed as the sum of items 6-8; UHDRS dystonia score, which was the sum of items 11 A-E; UHDRS Chorea score, which was the sum of items 12 A-G; and UHDRS gait and balance score, which was the sum of items 13-15. For all individual UHDRS domain scores higher scores indicate greater impairments. We analyzed the motor items of the UHDRS to compare their sensitivity to change over time with that of the gait outcome measures.
Data Analysis
We conducted two analyses: 1) Longitudinal change over three visits was evaluated by conducting repeated measures analysis of variance for quantitative gait measures and UHDRS (total motor score and individual domains) with visit as the independent variable. We analyzed individual domains of eye movements (sum of items 1-3), hand movements (sum of items 6-8), dystonia (sum of items 11 a-e), chorea (sum of items 12 a-g), gait and balance (sum of items [13] [14] [15] . [4] [18] Level of significance was adjusted to 0.01 to account for multiple comparisons. Any significance values between 0.05 and 0.01 were considered to be of marginal interest. Post-hoc comparison (Tukey's Honestly Significant Difference) was used to evaluate change from baseline to year 1 for gait and UHDRS motor variables that demonstrated significant main effects. 2) Predictive validity: Variables that significantly changed over time in repeated measures analysis were then entered into a linear regression analysis with estimated years to diagnosis as the dependent variable. Estimated years to diagnosis was computed from a parametric survival model that used CAG repeat length and the person's age at the time of motor testing. [19] A blinded statistician from the PREDICT-HD study [1] performed the computations for predicted years to diagnosis. Statistical analyses were conducted in SPSS (version 16.0) and results are presented as mean + standard deviation.
Results
Longitudinal Change over time
We first conducted repeated measures analysis to evaluate whether quantitative gait measures and Unified Huntington's disease Rating Scale (UHDRS) items changed over time. Results of the repeated measures analysis for quantitative gait measures are shown in Table 1 . Among speed related variables gait velocity decreased in five years (F=10.15, p=0.001; significant linear trend = 0.007). Post-hoc analysis demonstrated that the change from baseline to year 1 was not significant. Gait asymmetry, measured by step length difference, increased (F=6.83, p=0.006, significant linear trend = 0.016). The change from baseline to year 1 was marginally significant (0.01< p <0.05). Gait variability demonstrated the largest change; stride length coefficient of variation increased in 5 years (F=15.85, p<0.0001, significant linear trend=0.001). However, the change from baseline to year 1 was not significant (p=0.28). Swing time coefficient of variation significantly increased in 5 years (F= 13.31, p<0.0001, significant linear trend= 0.002). Post-hoc analysis demonstrated that the change from baseline to year 1 was of marginal significance (0.01< p <0.05). None of the other gait measures changed significantly in 5 years. To summarize, step length difference (0.01< p <0.05) and swing time coefficient of variation (0.01< p <0.05) changed marginally in one year from baseline. Table 2 shows the results of the repeated measures analysis for UHDRS motor items, including total motor score, diagnostic confidence and five motor domain scores. At baseline pre-manifest (pHD) subjects, on average, demonstrated minor non-specific motor abnormalities based on their total motor score of 3.5 + 1.78 and diagnostic confidence rating of 1.0 + 0.47. Five years from baseline, total motor score increased to 10.1 + 2.1 (range 4-19): while there were four subjects with a total motor score above 10, none of them was given a diagnosis confidence rating of 4 (indicating unequivocal signs of HD) because none of the individual items scored more than 2 out of a total of 4. While total motor score changed across five years (p= 0.003), there was no significant difference between baseline and one year (p = 0.06). Dystonia and chorea scores increased across visits, though only dystonia was marginally significant (p=0.028). None of the individual UHDRS motor domain scores changed significantly over five years (Table 2) . 
Predictive validity
Variables that demonstrated significant change over five years (gait velocity, step length difference, stride length and swing time variability and UHDRS total motor score) were entered into linear regression analysis with estimated years to diagnosis as the independent variable. We chose linear regression because initial repeated measures analysis demonstrated a significant linear trend for all variables. Only total motor score (r 2 =0.489, p<0.0001), and swing time coefficient of variation (r 2 =0.22, p<0.009) were significant predictors of estimated years to diagnosis, as shown in Figure 1 .
Swing time variability (top) and total motor score (bottom) plotted as a function of estimated disease onset. Each subject has three data points corresponding to baseline, year 1 and year 5.
Each graph includes the regression line and r 2 value.
Discussion
Quantitative Table 2) . Gait asymmetry and swing time coefficient of variation were marginally higher one year from baseline indicating that changes in these measures can be detected in one year.
In contrast, measures related to dynamic balance (such as double support time) did not change despite the fact that cross-sectional analysis previously demonstrated impairments in pre-manifest HD, which worsened in manifest HD. [9] Increase in double support time is interpreted as a compensatory response to impaired balance. [20] It is possible that double support time did not change because balance impairments may remain subtle in the pre-manifest stage, and increase in a step-like manner in manifest HD. This is borne out by the fact that double support time for premanifest HD subjects was not different from stage I manifest HD subjects in cross-sectional analysis. [9] Prior cross-sectional analysis also demonstrated that gait measures have good sensitivity and specificity, highlighting their importance as good markers of disease onset. [9] Here we extend those results to demonstrate the importance of quantitative gait measures, particularly gait variability, as good markers of disease progression. Since motor variability is higher in pre-manifest HD across modalities (eye movements, [21] arm movements, [22] finger tapping [23] [24] and precision grip [6] [10] ) and is predictive of estimated diagnosis, this strongly suggests that motor variability is an early putative deficit in HD rather than simply a generalized feature of impaired motor control.
Clinical motor assessment revealed that UHDRS total motor score increased over the five-year period, indicating worsening of motor impairments. The change in total motor score was not due to worsening impairments in any specific domain (such as eye movement, hand movement, gait and balance) but was a reflection of generalized worsening of motor function. It was interesting to note that the gait and balance section of the UHDRS was unable to detect impairments detected by quantitative analysis, presumably because of the lack of sensitivity of clinical assessment. While four of ten subjects had a total motor score greater than 10 five years from baseline, none of them received a score of 4 on diagnostic confidence item of the UHDRS. These subjects demonstrated very subtle impairments across motor domains rather than significant impairments in any domain that may have constituted grounds for diagnosis. Change in total motor score was not significant in one year from baseline. Results of the clinical assessment are in contrast with quantitative gait assessment, which allowed for the detection of specific changes in gait velocity, symmetry and gait variability over time. The increased sensitivity of quantitative gait assessment compared with clinical assessment in detecting specific impairments will be important in designing targeted therapeutic intervention. While total motor score is very useful in clinical assessment of motor function for the purpose of diagnosis, quantitative gait measures will be important as outcomes in clinical trials in pre-manifest and very early manifest HD.
Despite the small sample size, our study has the longest longitudinal follow up thus far for premanifest HD. The one-year follow up results from the Track-HD study are the only other available longitudinal data. [25] In the Track-HD study, total motor score changed significantly in pre-manifest and manifest HD in one year compared with controls. The small sample size in our study may explain why we did not find significant change in total motor score in one year. Interestingly, the Track-HD study did not find any changes in gait variability (or grip and tongue force variability) over a one year period despite the fact that these measures were impaired in pre-manifest HD in cross sectional analysis. [3] In conclusion, the findings that within-subject gait variability increased, and that this increase was correlated with estimated diagnosis, underscore the utility of quantitative gait measures in premanifest HD. In the future, it will be important to replicate these results in a larger sample. Future
